Two independently-isolated thymine-requiring mutant strains of Escherichia coli were found to possess an unusual phenotype : in the presence of COz, growth was independent of thymine. The two strains showed different profiles of temperature sensitivity. Glycine, serine and methionine were unable to relieve the thymine-dependence. Both strains were susceptible to trimethoprim under conditions where they were thymine-independent. The results are consistent with the occurrence of partial defects in thymidylate synthase.
INTRODUCTION
The normal pathway of thymine biosynthesis is by methylation of deoxyuridylate (dUMP) to produce deoxythymidylate (dTMP). This reaction is catalysed by thymidylate synthase (EC 2.1 . 1 .45) and is accompanied by the conversion of one molecule of 5, lo-methylenetetrahydrofolate to dihydrofolate. Reactivation of the folate co-substrate is accomplished by dihydrofolate reductase (EC 1.5.1.3); this enzyme is the site of action of the antibacterial agent trimethoprim.
Mutant strains which are defective in thymidylate synthase require exogenous thymine for growth. Simultaneously, the absence of the thymidylate synthase reaction abolishes the need for dihydrofolate reductase and hence also abolishes trimethoprim sensitivity (Amyes & Smith, 1975) . Resistance to trimethoprim can be used as a convenient way of selecting thyminerequiring auxotrophs in the laboratory (Stacey & Simson, 1965) . This paper describes the properties of two independently isolated mutants in which thymine dependence can be suppressed by a C0,-enriched environment.
METHODS
Buctrriul struins. The bacterial strains used are listed in Table I . Mediu. The minimal medium (DM) used throughout was that described by Davis & Mingioli (1950) with glucose (2.8 g I -I ) as carbon source (except that where indicated lactose was used at the same concentration). Supplements were used where appropriate at the following concentrations: nicotinic acid (5 mg I-' ), DLmethionine (50 mg l -l ) , L-histidine (40 mg I-'), thymine (60 mg I-'), trimethoprim (4 mg I-'). For disc diffusion sensitivity testing, Diagnostic Sensitivity Test agar (Oxoid) was used with the addition of 6% (v/v) lysed horse blood. CO, incubation was obtained by use of a candle jar or a C 0 2 incubator. A11 tests of growth requirements were carried out on solid media by streaking to single colony density with a wire loop.
Isufuriun yf'th~mine-rryuiing mutants. The procedure used was that described by Pinney & Smith (1 973). Mutant colonies were purified on selective (trimethoprim/thymine) minimal agar before use.
RESULTS

A N D DISCUSSION
The first of the two strains was isolated following the routine application of the trimethoprim selection procedure in order to obtain a thymine-requiring mutant of Escherichia coli 114. The proportion of spontaneous trimethoprim-resistant bacteria in the culture was of the order 6f lo-'. Of the 70 colonies obtained, 8 were picked at random and purified on minimal agar supplemented with thymine and trimethoprim. A single colony of one of the isolates was then picked for further use and assigned the strain number JD237. This strain was later found to be temperature sensitive in its thymine requirement, being able to grow in the absence of thymine at 30 "C. Other workers have found that a considerable proportion of Thy-mutants of E. coli are temperature sensitive (O'Donovan & Neuhard, 1970) . Subsequently, a further unexpected property of strain JD237 was accidentally discovered, viz. that it can grow at 37°C in the absence of thymine provided it is grown in an environment containing 5 % (v/v) COz. The growth requirements of strain JD237 are summarized in Table 2 : it requires added thymine or C 0 2 or a reduced growth temperature. None of the other supplements tested was able to permit growth under 'normal' conditions, i.e. 37 "C in air without thymine. Strain JD237 is unable to grow at 44 "C even with thymine or Cot added. Table 2 also shows that this strain is fully sensitive to trimethoprim (using the parent strain 1 14 as the control organism) under all the conditions where it is phenotypically Thy+; under conditions where thymine is required (and the organism would be expected to be resistant to trimethoprim) it is unable to grow on the sensitivity test medium, which is the typical behaviour of thymine-requiring organisms.
Thymine-requiring auxotrophs are normally defective in thymidylate synthase, yet it seems unlikely that the addition of C o t would have any direct effect on this enzyme; the absence of suppression by anaerobic conditions indicates that the effect is not due to an oxygen-labile enzyme. C 0 2 is involved directly in earlier stages of the thymine synthesis pathway, in particular in the carbamoyl phosphate synthetase reaction. However, a mutation at this site (car) would result in a defect in the production of pyrimidines generally. Furthermore, this step is also involved in arginine biosynthesis and car mutants normally require both arginine and uracil (Pierard et al., 1965) . A further test of growth requirements was therefore carried out with each of the following supplements in turn (each at 30 mg 1-l): uracil, uridine, deoxyuridine, cytosine, cytidine, deoxycytidine, arginine, and arginine plus uracil. None of these was able to substitute for thymine in permitting growth at 37 "C, in air. It therefore seems unlikely that a defect in the car gene could be involved in this case.
An alternative site for the defect in strain JD237 could be in the regeneration of the 5,lOmethylenetetrahydrofolate needed as co-substrate for the synthesis of thymidylate ; the main route for this is the serine hydroxymethyltransferase reaction which is coupled to the conversion of serine to glycine. The CO, effect would then operate by providing an alternative route for generating 5,lO-methylenetetrahydrofolate. If this were the case, it might be expected that other substrates involved in one carbon metabolism would also produce a similar effect; but none of those tested (methionine, glycine and serine) was able to substitute for thymine.
The evidence then points towards the defect in this strain being in the thymidylate synthase gene, as with other thymine auxotrophs. It should therefore be complemented by a plasmid carrying a wild-type thyA allele such as F'116 (Harris et al., 1977) . The donor strain used was Salmonella typhimurium TR1359. After an overnight mating in nutrient broth, the bacteria were washed and plated on unsupplemented minimal medium, with lactose as sole carbon source to provide additional counterselection against the donor organism. Prototrophic recombinants were obtained, at a frequency of per recipient. In the absence of the donor, no Thy+ revertants of E. coli JD237 were isolated. This indicates, but does not prove, that the lesion in JD237 can be complemented by a wild-type thyA allele, or by some other gene present on F'116.
In order to establish whether the COz effect is a widespread phenomenon, other thyminerequiring mutants were tested ; these included derivatives of S . typhimurium LT2, Proteus mirabilis strains 130 and F67, Aerobacter cloacae 53 and E. coli 58.161s~. These all showed the usual phenotype: thymine was required for growth, whether CO, was present or not. Further thymine-requiring mutants were then generated by the trimethoprim selection procedure and tested for their ability to grow at 37 "C in the absence of thymine, in CO,. Six mutants of E. coli 114, four mutants of E. coli 58.161s~ and four mutants of S. typhimurium were all unaffected by the presence of C 0 2 at 37 "C. However, one of the mutants of E. coli 58.161s~ (JD315) was subsequently shown to have a temperature-sensitive C0,-suppressible phenotype, which differs from that of JD237 (Table 2) . Whereas JD237 was prototrophic at temperatures below 30"C, and showed C02-suppressible thymine-dependence at 37 "C, JD315 could not grow on minimal medium at any of the temperatures tested (as is normal for Thy-strains), but the thymine requirement in this strain was suppressed by C 0 2 at 25 "C or 30 "C. At 37 "C, C 0 2 could not suppress the thymine requirement of strain JD315. As with other strains, JD315 was trimet hop rim-sensi tive under conditions where it was phenotypically Thy+.
No firm conclusion can yet be drawn about the nature of the genetic defect in strains JD237 and JD315. The most likely explanation is that the mutations in these strains are in the thyA gene, as in other thymine-requiring auxotrophs; the difference is that in these two cases, instead of abolishing the activity of the thymidylate synthase, the mutations result in more subtle changes in the properties of the enzyme so that its effectiveness is influenced by the indirect effects of C 0 2 on the one-carbon metabolism of the cell.
